Abstract: The aim of the study is to assess the prognostic value of different volume-based calculations of tumor metabolic activity in the initial assessment of patients with high-grade bone sarcomas (BS) and soft tissue sarcomas (STS) using F-18 FDG PET/CT.
INTRODUCTION

B
one and soft tissue sarcomas (BS and STS) are a rare, diverse group of tumors, which exhibit mesenchymal differentiation. Sarcomas only comprise $1% of all cancers. 1 However, with relatively high reported 5-year mortality rates up to 50% 2 and extensive diversity in terms of tumor histology, metastatic potential, and outcome, 1, 3, 4 diagnosis and treatment of these patients are challenging. Thus, it becomes obvious that correct staging of disease in these patients has an essential role in predicting clinical outcome and guiding treatment. For prediction of prognosis, both the Musculoskeletal Tumor Society (MSTS) 5 and the American Joint Committee of Cancer (AJCC) staging system 6, 7 for malignant primary bone and softtissue lesions are implemented in the clinical routine. Even though these guidelines include a number of tumor features, nodal status, and distant organ metastasis, the issue of a substantial variety in patient outcome-even within the same tumor grade-cannot be ignored. Correct tumor grading requires representative tissue from the least differentiated area in the tumor, which may not be achieved in heterogeneous tumors. In addition, tumor grading depends on the pathologist's judgment and is a subjective variable. Metabolic imaging with positron emission tomography (PET) applying the fluorine-18 radiolabeled glucose analog fluoro-2-deoxy-D-glucose (F-18 FDG) might overcome these shortcomings and has gained a supplemental role to histological characteristics in the assessment of patients with sarcoma. This imaging modality exerts properties in terms of assessing tumor behavior, as it allows noninvasive, 3-dimensional visualization and quantification of tumor glucose metabolism in vivo. 8, 9 Pretreatment semiquantitative estimation of primary tumor glucose metabolism using the maximum standardized uptake value (SUV max ) normalized to body weight has been suggested being a significant prognostic factor for overall and progression-free survival in sarcoma patients. [10] [11] [12] [13] [14] [15] [16] [17] [18] As SUV max purely represents the maximum value of a single voxel in the acquired imaging data, it does not reflect important prognostic tumor properties such as tumor heterogeneity as well as tumor size and burden. Volume-based F-18 FDG PET imaging markers in terms of metabolic tumor volume (MTV) and total lesion glycolysis (TLG) have been introduced to overcome the obvious limitations of SUV max , with several studies reporting significant prognostic properties in terms of prediction of treatment response and survival in a diversity of solid tumors. [19] [20] [21] [22] [23] In patients with bone and soft-tissue sarcoma, the amount of clinical evidence is minimal and conflicting. 11, 12, 15, 24 Consequently, it has proven difficult to standardize the implementation of this quantification tool in the diagnostic work-up and follow-up of patients with sarcoma. 25, 26 The present study compares the prognostic value of volume-based semi-quantitative calculations of tumor metabolic activity as determined by MTV and TLG using F-18 FDG PET/computed tomography (CT) in the initial assessment of patients with histologically verified high-grade bone or softtissue sarcoma.
METHODS
Study Population and Design
A single-site, retrospective study from July 1st 2002 to December 31st 2012 including 92 consecutive patients, with clinical characteristics and study design as previously reported 27 (47 men; 45 women; median age 49.8 [11.2-86 .3] years; Table 1 ). The patients were referred for further evaluation and/or surgical treatment and were included in the study according to the following criteria: first, histologically verified high-grade BS (N ¼ 37) or STS (N ¼ 55) according to either the French Federation of Cancer Centers Sarcoma Group (FNCLCC) grading system (STS) 28 or the grading recommendations of the College of American Pathologists (BS), 29 second, no previous history of malignancy, third, underwent an on-site pre-operative 18 F-FDG PET/CT scan for staging, and fourth, a minimum follow-up period of 1 year for survived patients. Medical records, imaging examinations, and histopathology were reviewed. The histological classification of the included bone sarcomas was: osteosarcoma N ¼ 20, Ewing sarcoma N ¼ 6, chondrosarcoma N ¼ 5, others N ¼ 6. Regarding the included soft tissue sarcomas the histological subtypes were distributed as follows: myogenic sarcoma N ¼ 16, synovial sarcoma N ¼ 9, malignant peripheral nerve sheath tumor
Only patients with Ewing sarcoma/primitive neuroectodermal tumor (PNET) and osteosarcoma received preoperative chemotherapy (these patients also received postoperative chemotherapy). No pre-PET chemotherapy was allowed. The treatment protocol, which also included radiotherapy for prevention of local recurrence in patients with marginal or intralesional tumor resection, was not changed during the study period. The study was approved by the Danish Data Protection Agency (journal number 2011-41-5734). Patients fasted for a minimum of 6 h before FDG injection. Before June 1st 2010 a dose of 400 MBq F-18 FDG was injected intravenously 60 min before the scan; hereafter a dose of 4 MBq/kg body weight was used. The PET emission scan was performed for 2.5 to 5 min per bed position depending on the scanner type and the body mass index of the patients. Patients were scanned from the base of the skull to the distal side of the tumor, at least including the proximal femora. Covering the same area, a contrast-enhanced CT was performed (500 mL Ioxitalamat solution 12.6 mg/mL administered orally 30 min before the scan and intravenous Optiray 1 300 mg/mL at 1.5-2.5 mL/s with a delay of 60-80 s). CT data were used for attenuation correction of the PET emission data. No separate low-dose CT scan for attenuation correction was performed in order to reduce the risk of movement artifacts due to a prolonged examination time. 30 The acquired PET and CT data were reconstructed in 3 dimensions. During the study period our institution switched from a standard iterative reconstruction (AW-OSEM: 4 iterations and 8 subsets with 4 mm Gaussian postfilter) of PET images toward using a Point Spread Function reconstruction (3 iterations and 21 subsets followed by a 2 mm Gaussian postfilter). Images (PET, CT, and fused) were reviewed applying a dedicated workstation and software (syngo 1 via, Siemens Healthcare, Forchheim, Germany). Interpretations were done by a specialist in nuclear medicine and a specialist in diagnostic radiology in consensus. A volume of interest (VOI) was drawn including primary tumor (Figure 1 ), and SUV normalized to body weight was calculated as the VOI activity (MBq/mL) / (injected dose [MBq] / body weight [g]). SUV max was the single maximum pixel value in the VOI. An isoactivity contour was automatically drawn in the VOI using a preset margin threshold of 40% of SUV max (metabolic tumor volume [MTV 40% ]). TLG was defined as MTV 40% multiplied with the mean SUV of the MTV 40% . 19 
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Clinical Endpoints
Overall survival was set as the primary endpoint. Survival time was defined as the period from the date of the pretreatment F-18 FDG PET/CT scan to the date of death; for survived patients the date on which data regarding patient survival were obtained from the Danish Centralized Civil Register (April 11th 2014).
STATISTICS
Statistical analyses were performed using IBM 1 SPSS 
RESULTS
Clinical characteristics are presented in Table 1 . The median follow-up period was 2.8 years (range 0.04-11.2 years). A total of 41 of 92 patients died during follow-up (45%; 12 BS and 29 STS patients). Average survival for all included patients was 6.5 years (95% CI 5.8-7.3 years) and the probability of 5-year survival was 52%. There was a significant difference (P < 0.05) in both probability of 5-year survival and average survival between patients with BS (64%; 7.8 years [95% CI 6.2-9. 
ROC Curve Analysis
ROC curve analysis of overall survival with area under the curve (AUC) data and optimal discriminating cut-off values are presented in Figure 2 and Table 2 . The AUCs were significant for both MTV 40% (P < 0.001) and TLG (P < 0.001) when looking on all patients as well as during subgroup analysis of patients with BS or STS. The AUCs were consistently higher for TLG compared to MTV 40% (all patients: 0.779 vs 0.693; BS: 0.773 vs 0.727; STS: 0.780 vs 0.694).
Kaplan-Meier Survival Estimates
Kaplan-Meier survival data for ungrouped data and grouped data according to the estimated optimal cut-off values are presented in Figure 3 and Table 3 . When dividing all patients into 2 groups below and above cut-off value for MTV 40% (24.1), 6 out of 30 and 35 out of 62 patients died during follow-up, respectively. Probabilities of 5-year survival were 79% and 40%, and average survival was 9.1 years (95% CI 7.5-10.6 years) and 5.4 years (95% CI 4.1-6.6 years) in the 2 groups (P ¼ 0.004). When dividing all patients into 2 groups below and above the cut-off value for TLG (164.9), 7 out of 43 and 34 out of 49 patients died during follow-up. Probabilities of 5-year survival were 83% and 24%, and average survival was 9.5 years (95% CI 8.3-10.6 years) and 3.6 years (95% CI 2.5-4.6 years), respectively (P < 0.001). When analyzing data from patients with BS, 2 out of 17 and 10 out of 20 patients died during follow-up, when patients were grouped according to the optimal cut-off value for MTV 40% (32.6). Estimated 5-year survival was 87% below cut-off and 46% above, with an average survival of 9.9 years (95% CI 8.3-10.6 years) and 6.0 years (95% CI 3.8-8.3 years), respectively (P ¼ 0.02). When grouping patients with BS below and above the optimal cut-off value for TLG (149.4), probabilities of 5-year survival were 94% (1 out of 18 patients died during follow-up) and 34% (11 out of 19 patients died during follow-up), respectively. There was a significant difference in average survival (10.6 years [95% CI 9.6-11.7 years] below cut-off vs 4.4 years [95% CI 2.5-6.4 years] above cut-off; P < 0.001).
In subgroup analysis of patients with STS probabilities of 5-year survival, when data was grouped below (5 out of 19 patients died during follow-up) and above (24 out of 36 patients died during follow-up) the optimal cut-off values for MTV 40% (25.0) were 73% and 30%, respectively. Significant differences in average survival were registered, as average survival was 5.5 years (95% CI 4.2-6.8 years) below the cut-off value and 3.6 years (95% CI 2.5-4.7 years) above (P ¼ 0.02). Regarding TLG, probabilities of 5-year survival below and above the optimal cut-off value (265.6) were 74% and 16%, respectively. Totally 7 out of 28 and 22 out of 27 patients died during follow-up, respectively. Average survival was 6.4 years (95% CI 5.2-7.7 years) below cut-off and 2.6 years (95% CI 1.6-3.7 years) above (P < 0.001).
Prognostic Values of MTV40% and TLG
Data from Cox proportional hazards regression analysis with variables affecting overall survival in multivariate analyses are presented in Table 4 . TLG above the optimal discriminating cut-off value was the only variable which was significant as a prognostic variable for survival throughout analysis of all included patients (P ¼ 0. 
DISCUSSION
The main finding of the present study is the identification of pretherapeutic estimation of TLG using F-18 FDG PET/CT as an independent prognostic variable for overall survival both in patients with high-grade BS and STS. We have previously reported the shortcomings of the prognostic use of SUV max and tumor-to-background uptake ratio in the same study cohort, especially in subgroup analysis of patients with high-grade BS. 27 The volume-based F-18 FDG PET imaging markers MTV and TLG attempt to overcome the limitations of SUV max , by including several important prognostic tumor characteristics, such as heterogeneity, size, and burden; that is, an inclusion of the total volume and total activity of metabolically active tumor cells. This theoretical advantage has been verified by several studies reporting significant prognostic properties in terms of prediction of treatment response and survival in a diversity of solid tumors. [19] [20] [21] [22] [23] In patients with STS, reported data regarding the application of TLG and MTV are conflicting. One study reported the superiority of TLG to SUV max as a reliable predictor of progression-free survival in STS. 11 However, their clinical endpoint differed from our study, and their inclusion of patients in terms of histologic tumor grading was more heterogeneous. Our study is in discrepancy with a study by Hong et al, 15 which concluded that the aforementioned volume-based F-18 FDG PET imaging markers may not provide additional prognostic information in patients with STS. They explained their results as a possible consequence to tumor necrosis (87% of included patients had tumor necrosis), which lowers the values of volume-based F-18 FDG PET imaging markers, but does not affect the maximum value in a single voxel (ie, SUV max ). We did not include this variable in our study. Their study population also differed to the present study, as patients with low-grade STS were included.
Costelloe et al 12 were the first reporting data on the prognostic value of volume-based FDG imaging markers in osteosarcoma, where high TLG before chemotherapy was associated with poor survival. Our results are in accordance with this, even though our study cohort embraces all high-grade bone sarcomas and not only osteosarcomas. However, Byun and co-workers 24 failed to demonstrate an independent prognostic value of pretherapeutic estimation of TLG in AJCC stage II osteosarcomas of the extremities. Instead, MTV with a fixed SUV threshold of 2.0 was predictive of metastasis-free survival in their cohort, which is in conflict with the results presented in the present study. This underlines the need for standardization in the estimation of volume-based FDG PET imaging markers, especially in such a heterogeneous group of tumors as sarcomas. In our study, measurements of the accuracy of MTV 40% as prognostic variable for overall survival were in general lower than for TLG, and importantly, MTV 40% did not have independent predictive value for overall survival in multivariate regression analyses. This is in accordance with the majority of the aforementioned studies of patients with STS or BS, and could be explained by the limitation of MTV to reflect the most malignant/metabolic active cell component of the tumor.
In an oncological setting, the introduction of FDG PET has achieved considerable impact, as the possibility of noninvasive estimation of tumor metabolic activity is attractive in terms of treatment guidance. In many cases, it also supports the predication of patient outcome. Concerns regarding the statistical weakness of quantitative F-18 FDG PET imaging markers have been introduced, including poor reproducibility of tumor volume estimates used for calculation of both MTV and TLG. 31 Despite this and the fact that we in the present study used several PET/CT scanners and there were slight on-site changes in the F-18 FDG PET/CT scan protocol in terms of reconstruction algorithm and injected dose of the tracer during the inclusion period, we consider our results to be valid. 32 Due to the unspecific nature of the radiolabeled glucose analog FDG, one of the limitations of this tracer is to discriminate inflammatory tissue from malignant tissue. Consequently, incorrect delineation of tumor boundaries may occur. We did not predefine a standardized method to delineate the tumor in our study, which may result in an inaccurate estimation of volume-based F-18 FDG PET imaging markers. Most reports regarding the prognostic value of F-18 FDG PET imaging markers in terms of survival of patients with sarcomas are limited by the low incidence of these tumors and their retrospective design, that also being the case in our study. In an optimal setting, a prospective study, which also takes the heterogeneity in tumor origin and localization, intra-and intertumoral properties, as well as tumor size and burden into account, is warranted. However, one of the strengths of the present study is the ability to identify prognostic variables supplemental to tumor grading-also during subgroup analyses-as it includes a relatively large number of patients with histologically verified high-grade BS or STS only.
In this study, which includes patients with histologically verified high-grade bone or soft tissue sarcomas, volume-based F-18 FDG PET/CT imaging markers in terms of pretreatment quantification of total lesion glycolysis provide supplemental predicative information to histologic grading. We conclude that estimation of total lesion glycolysis has the potential to be recognized as an independent prognostic marker for overall survival in this group of patients. In the current setting, we do not recommend the use of estimated metabolic tumor volume with a margin threshold of 40% of the maximum standardized uptake value of primary tumor for survival prognostics. Further studies should focus on the clinical utility of volume-based F-18 FDG PET imaging markers, especially TLG. 
